The kinetic behavior in the direct synthesis of H 2 O 2 with Pd-Me (Me = Ag, Pt) catalysts prepared by depositing the noble metals by electroless plating deposition (EPD) or deposition-precipitation (DP) methods on a-Al 2 O 3 asymmetric ceramic membrane with or without a further surface coating by a carbon thin layer is reported. The effect of the second metal with respect to Pd-only catalysts considerably depends on the presence of the carbon layer on the membrane support. Several factors in the preparation of these membranes as well as the reaction conditions (temperature, concentration of Br ) , pH) determine the selectivity in H 2 O 2 formation, influencing the rate of the consecutive reduction of H 2 O 2 (which is faster with respect to H 2 O 2 decomposition on the metal surface) and/or of direct H 2 + O 2 conversion to H 2 O. Defective Pd sites are indicated to be responsible for the two unselective reactions leading to water formation (parallel and consecutive to H 2 O 2 formation), but the rate constants of the two reactions are differently influenced from the catalytic membrane characteristics. Increasing the noble metal loading on the membrane not only increases the productivity to H 2 O 2 , but also the selectivity, due to the formation of larger, less defective, Pd particles.
Introduction
The development of a new economic process to synthesize H 2 O 2 is a key step towards the introduction of new selective oxidation processes [1,2] for a sustainable production. Hydrogen peroxide (H 2 O 2 ) is a clean and excellent oxidizing reagent for the production of both fine and bulk chemicals (for example, selective hydroxylation and epoxidation of substituted aromatics and alkenes, and propene oxide, caprolactam, and longchain linear alcohols syntheses, respectively) and find application also in the area of environmental cleanup technologies (water treatment) and ''green'' technologies (paper and pulp bleaching, for example) [1] . In these processes the cost of H 2 O 2 is often the limiting factor to introduce the cleaner technology. The direct synthesis of H 2 O 2 from H 2 and O 2 may potentially half the cost of H 2 O 2 with respect to the commercial process based on methyl-anthraquinone route which is largely conditioned also from the monopoly character of the market related to the necessity of having large scale plants for H 2 O 2 production. In addition, the environmental impact of the commercial route is significant, while virtually absent in the case of the direct route. Furthermore, the direct route may be potentially developed economically at a small-medium size scale, allowing a delocalized H 2 O 2 production, which avoids the risks associated to H 2 O 2 transport and storage. Degussa [3] has recently announced the creation of a joint venture to develop and commercialize a direct synthesis process for H 2 O 2 . Several other companies have similar plans and the research is quite active in this area.
The direct synthesis from H 2 and O 2 was originally developed by Du Pont [4] using Pd-based supported catalysts. However, the process never arrived to commercialization after an explosion of the pilot plant, because the safety aspects of the process related to the wide explosion range of mixtures of H 2 and O 2 critically conditioned the development of the process. Hydrogen has the widest range of flammable concentrations in air among all common gaseous fuels and in addition a high buoyancy and diffusivity in air. Therefore, in confined environments and under pressure such as in autoclave it is possible to have stratification of H 2 in the head of the reactor or in dead zones with the creation of local conditions for an explosion. Even though reactor technologies, which minimize the risks may be adopted, the risk remains high. Therefore in the perspective of development of sustainable technologies it is recommended to develop an intrinsically safe process, e.g. a technology in which there is a separate contact of O 2 and H 2 with the reaction solution in order to avoid the possibility of explosion, even during anomalous operations. This possibility is offered by the use of catalytic membranes [5] [6] [7] [8] instead of powder-type catalysts as those used in most of the patents and publications [4, 9-29].
There is an additional relevant issue related to safety in favor of the use of catalytic membranes instead of powder type catalysts. In fact, not only a physically separated contact between O 2 and H 2 with the solution can be realized, but also the formation of fine catalyst particles in the reactor can be avoided. These fine particles, deriving from attrition in the slurry type of reactor used (larger pellets cannot be used due to severe diffusion limitations), are very difficult to remove from the H 2 O 2 solution and can be extremely dangerous in the downstream process of H 2 O 2 solution concentration, catalyzing fast decomposition and explosion.
Using a catalytic membrane reactor where H 2 is fed through the membrane, one side of which is in contact with a solution saturated with oxygen, it is possible to improve safety of the operations, but selectivity and productivities in the reaction should be improved. With respect to powder-type catalysts, where the O 2 and H 2 concentration at the catalyst surface is determined essentially by the O 2 /H 2 ratio in the feed and the mass transport of these reactants in solution (which in turn depends on the solvent and pressure), the catalytic membrane offers the opportunity to have separate control the O 2 and H 2 gradients in the catalytic zone of the membrane. However, in the most suitable configuration from the safety point of view, e.g. the H 2 which diffuse through the membrane which is in contact with the solution saturated with O 2 , we observed earlier [5] [6] [7] 30, 31] that the membrane show low selectivity due to fast reduction of Pd. We observed also that the nature of Pd particles influences the selectivity and productivity to H 2 O 2 , but a better knowledge of the reaction network and mechanism, and the identification of the role and nature of active sites in the different reactions could allow to further improve the performances. For this reason, the aim of the work reported here is to analyze the influence of the nature of the catalytic membrane on the kinetics of the reaction of direct synthesis of H 2 O 2 .
It should be taken into account that this investigation was made using the cited configuration in which H 2 diffuse through the membrane being in contact with the solution saturated with O 2 , and at ambient temperature and pressure. Higher selectivities, above 80-90%, could be obtained at high pressure (above 50 bar) and operating in conditions of quite large excess of oxygen, even though the latter condition, typically used in the experiments reported in literature, is potentially quite dangerous being inside or quite close to the explosivity region. On the other hand, a simplified kinetic approach can be used in the chosen reaction conditions and reactor (see later) which allow to better relate the kinetics of the various reactions to the catalyst nature and microstructure, therefore separating the intrinsic effect of the catalyst from the effect of the oxygen surface coverage.
Two types of membrane supports have been used: aAl 2 O 3 asymmetric ceramic membrane (indicated hereinafter as A) and the same type of ceramic membrane, but covered with a surface thin carbon layer (indicated hereinafter as CA). Pd or Pd-Me, where Me = Ag or Pt, have been deposited on these membrane supports by electroless plating deposition (EPD) mostly on A-type membrane and by deposition-precipitation (DP) only on CA-type membrane, because in the latter case the carbon layer is necessary for the dispersion of noble metal. The latter preparation method allows to obtain smaller Pd particles and a better dispersion of Pd, while the former allow to prepare porous thin Pd or Pd-Me films, with thickness of few microns. We will thus refer in the text to dispersed Pd-particles or Pd-thin films in the two cases of catalytic membranes.
Experimental

Preparation of the catalytic membrane
Membranes in a tubular form were prepared using an asymmetric ceramic support supplied from HITK (Hermsdo¨rfer Institut fu¨r Technische Keramik, Germany) on which Pd or Pd-Me (Me = Ag, Pt) thin films (about 3-5 lm thickness) were deposited by EPD. In this technique palladium metallic particles are produced by reduction from the plating bath consisting of amine-complexes of the noble metals in the presence of a reducing agent. Metallic particles grow on palladium nuclei which have been pre-seeded on the substrate surface through a successive activation and sensitization procedure and which also act as a catalyst for the reduction of the noble metal complexes. The plating procedure may be repeated several times to increase the metallic film thickness. The a-alumina asymmetric membrane consists of an a-alumina macroporous support (3 lm pore size) with an a-alumina external mesoporous layer (pore size 50-100 nm).
The second class of catalytic membranes investigated use the same support of the first class of membranes, but covered with a final carbon layer. The final carbon layer was added by MAST Carbon Ltd., Guildford, UK. The thickness of this carbon film is few microns and was activated in CO 2 at 850°C before depositing the noble metal. The Pd or Pd-Pt is then deposited by DP method. On the carbon layer a base was first deposited by soaking in a NaOH solution (0.1 M), and then the membrane was immersed in an acidic PdCl 4 2) or PdCl 4 2) + PtCl 6 2) solution (40 ppm Pd, Pd/Pt ratio either 10 or 18). The corresponding hydroxides of the noble metals immediately deposit on the carbon layer. After washing and drying, they are reduced at r.t. in H 2 flow. Pd loading was typically around 2 mg, but using more concentrated solutions of the noble metals, the noble metal loading
